Background: Ventilatory efficiency (VE/VCO 2 ratio) and the partial pressure of end-tidal carbon dioxide (P ET CO 2 ), obtained during moderate to high levels of physical exertion demonstrate prognostic value in heart failure (HF). The present investigation assesses the clinical utility of these variables during lowintensity exercise. Methods and Results: One hundred and thirty subjects diagnosed with HF underwent a 2-minute, constant-rate treadmill session at 2 miles per hour. Both the VE/VCO 2 ratio and P ET CO 2 were recorded during exercise (30-second average) and their change (D) from rest. B-type and atrial natriuretic peptide (BNP and ANP) were also determined. Only P ET CO 2 and DP ET CO 2 emerged from the multivariate Cox regression. Receiver operating characteristic curve analysis revealed the prognostic classification schemes were significant with thresholds of !/$34 mm Hg (hazard ratio: 4.2, 95% CI: 2.2e8.0, P ! .001) and !/$1 mm Hg (hazard ratio: 3.5, 95% CI: 1.9e6.6, P ! .001) being optimal for P ET CO 2 and DP ET CO 2 , respectively. Moreover, subjects with a P ET CO 2 $34 mm Hg had a significantly lower BNP (214.1 6 431.9 vs. 1110.5 6 1854.0 pg/mL, P5.005) and ANP (108.2 6 103.6 vs. 246.2 6 200.4 pg/mL, P ! .001).
The use of cardiopulmonary exercise testing (CPX) for prognostic purposes is a well-accepted practice in patients with heart failure (HF). 1, 2 Variables obtained from CPX are also associated with other makers of pathophysiology such as diminished cardiac output and elevated pulmonary pressure and neurohormonal markers. 3 The implementation of this assessment technique traditionally consists of symptom-limited exercise testing where patients are progressed to their maximal exercise tolerance through either incremental or ramped workload adjustments. From such testing, peak aerobic capacity, 4 and more recently ventilatory efficiency, 5, 6 are the most frequently assessed exercise parameters. It does appear that ventilatory efficiency, typically expressed as the minute ventilation/carbon dioxide production (VE/VCO 2 ) slope or ratio, is prognostically superior to the more established peak oxygen consumption (VO 2 ). 3 Although most previous investigations focused on measurements requiring maximal exertion, some groups have demonstrated the potential clinical value of CPX variables obtained during submaximal exercise. 7e10 Even so, the majority of submaximal analyses to this point have required exertion to the point of ventilatory threshold, which requires progression toward maximal exertion to ensure the patient has passed the point of increasing anaerobic metabolism. Moreover, the achievement of ventilatory threshold relative to maximal aerobic capacity is not consistent from one individual to the next, negating the ability to devise a standard submaximal exercise protocol at a given workload. Last, poor subject effort and ventilatory abnormalities, such as oscillatory ventilation, 11 make attainment or detection of ventilatory threshold a challenge in a number of patients with HF.
To date, the limited analysis of the value of ventilatory expired gas analysis during low-intensity workloads has focused on the oxygen uptake kinetic response. Koike et al 12 found the time constant for oxygen uptake during a 4-minute bout of lower extremity ergometry exercise at a constant-rate 20 watt workload was prognostically significant. Brunner-La Rocca et al 13 reported similar results using a 6-minute submaximal treadmill protocol at a constant-rate speed and grade of 1 mile per hour and 6%, respectively.
Both the VE/VCO 2 ratio and the partial pressure of endtidal carbon dioxide (P ET CO 2 ) have demonstrated prognostic value in previous investigations, although calculations of these variables were made at ventilatory threshold.
8e10 To our knowledge, no previous investigations have examined the potential clinical value of the VE/VCO 2 ratio or the P ET-CO 2 obtained during constant-rate low-intensity exercise. We hypothesized that CPX abnormalities, as measured by the VE/VCO 2 ratio and P ET CO 2 , will already become apparent at constant-rate low-intensity exercise, be related to natriuretic peptide levels and provide prognostic value.
Methods
This study, conducted at the Mayo Clinic in Rochester, Minnesota, included a total of 130 patients diagnosed with compensated HF and 106 apparently healthy controls. Sample size calculation for the HF group was based on the ability to detect a 20% difference in event-free survival according to a dichotomous CPX variable threshold with O80% power. The primary goal of apparently healthy subject recruitment was to approximate the number, age, and gender distribution of the HF group. Subjects in the HF group were recruited from the Mayo Cardiovascular Health Clinic, whereas subjects in the control group were recruited from the community in and surrounding Rochester, Minnesota. Inclusion criteria for the HF group consisted of a diagnosis of HF 15 and evidence of left ventricular systolic or diastolic dysfunction by 2-dimensional echocardiography obtained within 4 days of exercise testing. Subjects were classified as having systolic HF if they presented with a left ventricular ejection fraction (LVEF) !50%. Subjects with an LVEF $50% and indications of an abnormal filling pattern were classified as having diastolic dysfunction. Inclusion criteria for the control group included no previous history of cardiac and/or pulmonary disease and normal findings on echocardiography. Echocardiography was performed in the control group to confirm normal left ventricular function. Current tobacco use or a previous history of use O15 years, severe obesity (body mass index O40 kg/m 2 ) or orthopedic limitations to exercise served as exclusion criteria for both the HF and control groups. All subjects completed a written informed consent and institutional review board approval was obtained.
Cardiopulmonary Exercise Testing Procedures
All subjects completed an initial 2-minute, constant-rate treadmill bout at 2 miles per hour with a 0% grade. After this initial workload, speed and grade were incrementally increased at 2-minute intervals to maximal exertion. Blood pressure and electrocardiogram were monitored throughout the exercise test. Ventilatory expired gas analysis was collected at rest and throughout exercise using a metabolic cart (Medgraphics CPX-D, Rochester, MN). Before each test, the equipment was calibrated in standard fashion using reference gases as per manufacturer specifications. Minute ventilation, VO 2 , and VCO 2 were acquired breath by breath, and averaged over 30-second intervals. Immediately after exercise, subjects remained in the seated position for 1 minute and resting ventilatory expired values were calculated as averaged data over that entire period. The averaged value during the last 30 seconds of exercise during the initial constant-rate low-intensity workload and at peak exercise was used to calculate the VE/VCO 2 ratio and P ET CO 2 . The change (D) in the VE/VCO 2 ratio and P ET CO 2 from rest to the terminal portion of the constantrate low-intensity exercise bout was also determined. To assess level of exertion and metabolic cost, the averaged value during the last 30 seconds of constant-rate low-intensity exercise was also used to determine the respiratory exchange ratio (RER) and VO 2 
Measurement of Natriuretic Peptides
All blood draws were performed at rest in a supine position. Brain natriuretic peptide (BNP), and atrial natriuretic peptide (ANP) were assessed according to previously published methods. 15, 16 As with echocardiography, blood draws were preformed within 4 days of exercise testing.
End Points
Subjects were tracked for major cardiac events (mortality and urgent heart transplantation) via hospital and outpatient medical chart review. Subjects continued to receive medical care through Mayo Cardiovascular Health Clinic. This provided detailed information on their clinical status. Clinicians conducting the exercise test were not involved in decisions regarding urgent heart transplant.
Statistical Analysis
All continuous data are reported as mean 6 standard deviation. Unpaired t-testing compared key baseline characteristics as well as CPX and natriuretic peptide values that were on a continuous scale between the HF and control group. The chi-square test compared differences in gender between groups. The Mann-Whitney U test assessed differences in RPE between the HF and control groups.
Receiver operating characteristic (ROC) curve analysis assessed the prognostic classification schemes of CPX variables obtained during constant-rate low-intensity exercise and determined optimal dichotomous threshold values in the HF group. Optimal thresholds were defined as the value that provided the highest combination of sensitivity and specificity. ROC curve analysis was also performed on CPX variables obtained at peak exercise for comparative purposes.
Univariate and multivariate (forward stepwise method, entry and removal values 0.10 and 0.05, respectively) Cox regression analysis assessed the prognostic characteristics of resting and constant-rate low-intensity CPX variables in patients with HF. Multivariate Cox regression was also used to assess the combined prognostic value of constant-rate low-intensity CPX and key resting variables. Lastly, univariate Cox regression analysis assessed the prognostic strength of CPX variables at peak exercise.
Pearson product moment correlation assessed the relationship amongst CPX variables in the HF group. In the presence of collinearity between resting and constant-rate low-intensity CPX variables (r$0.70), the variable with higher prognostic strength was included in the multivariate Cox regression.
Kaplan-Meier analysis assessed survival characteristics of dichotomous expressions of CPX variables retained in the multivariate Cox regression analysis. The log-rank test determined statistical significance of the Kaplan-Meier analysis.
Unpaired t-testing compared BNP and ANP levels according to dichotomous CPX thresholds as defined by ROC curve analysis. Pearson product moment correlation assessed the relationship between continuous expressions of neurohormones and constantrate low-intensity CPX variables retained in the multivariate Cox regression as well as those obtained at peak exercise. All statistical tests with a P value ! .05 were considered significant.
Results
Baseline characteristics for the HF and control groups are listed in Table 1 . Control subjects were slightly younger and presented with a lower body mass index. As expected, BNP and ANP were significantly lower, whereas LVEF was significantly higher in control subjects compared with patients with HF. As for the HF cohort, the majority were diagnosed with a nonischemic etiology and prescribed an angiotensin-converting enzyme inhibitor, b-blocker, and diuretic. Although none of the subjects in the control group had a previous diagnosis of cardiac or pulmonary disease and demonstrated normal left ventricular function by echocardiogram, 1 was prescribed an antihypertensive medication (diuretic) and 13 others were prescribed a statin.
Cardiopulmonary exercise test variables at rest, constantrate low-intensity, and peak exercise are listed in Table 2 . Resting P ET CO 2 and the VE/VCO 2 ratio were not significantly different between groups. There were no complications warranting premature exercise test termination in either group. Although constant-rate low-intensityVO 2 was comparable between groups, P ET CO 2 and D P ET CO 2 were significantly lower, whereas the VE/VCO 2 ratio, RER, and RPE were significantly higher in patients with HF compared with healthy controls. Moreover, while successfully completing the constant-rate low-intensity component of exercise, 6 subjects in the HF group, 5 with New York Heart Association Class designation of II and one with a designation of IV, presented with a RER that surpassed 1.0. The DVE/VCO 2 ratio approached but did not reach statistical significance. All CPX variables at peak exercise were significantly different between groups. With the exception of peak RPE, trends in these differences were similar to those observed at constant-rate low-intensity exercise.
There were 29 deaths and 10 urgent heart transplants during a mean and median follow-up of 5.4 6 2.7 and 5.0 years, respectively (crude annual event rate: 5.4%). All subjects who did not suffer an adverse event were tracked for a minimum of 3 years. The ROC and univariate Cox regression analyses listed in Table 3 demonstrate constant-rate low-intensity P ET CO 2 , D P ET CO 2 , the VE/VCO 2 ratio and DVE/VCO 2 were all significant predictors of adverse events. Area under the ROC curve and univariate chi-square values were likewise significant for the peak P ET CO 2 (area: 0.74, 95% CI: 0.63e0.84, univariate chi-square: 24.5, P ! .001), the VE/VCO 2 ratio (area: 0.73, 95% CI: 0.63À0.84, univariate chi-square: 27.5, P ! .001), and VO 2 (area: 0.72, 95% CI: 0.62À0.81, univariate chi-square: 16.7, 2 , carbon dioxide production; VO 2 , peak oxygen consumption; RER, respiratory exchange ratio; RPE, rating of perceived exertion. P ! .001) prognostic classification schemes. Pearson product moment correlation results listed in Table 4 revealed, for the constant-rate low-intensity variables, the relationships amongst P ET CO 2 , D P ET CO 2 , the VE/VCO 2 ratio and DVE/VCO 2 ratio was significant. The correlation between resting values of P ET CO 2 and the VE/VCO 2 ratio and their constant-rate low-intensity counterparts surpassed an r value of 0.70 in both instances. During exercise, only the correlation between constant-rate low-intensity P ET CO 2 and the VE/VCO 2 ratio surpassed an r value of 0.70. Univariate Cox regression revealed chi-square values were significant for both resting P ET CO 2 (4.2, P5.04) and the VE/ VCO 2 ratio (4.2, P5.04) and constant-rate low-intensity P ET CO 2 (22.0, P ! .001) and the VE/VCO 2 ratio (7.3, P5.007). Given collinearity issues between resting and constant-rate low-intensity CPX values and differences in prognostic strength, only measures obtained during exercise were employed in the multivariate Cox regression. Moreover, given constant-rate low-intensity P ET CO 2 was a superior univariate prognostic marker; the VE/VCO 2 ratio was also excluded from the multivariate Cox regression. Table  4 additionally lists the correlations among resting, constant-rate low-intensity and peak CPX variables of which there are numerous statistically significant relationships.
Multivariate Cox regression analysis revealed constant-rate low-intensity P ET CO 2 was the strongest prognostic marker (chi-square: 22.0, P ! .001), whereas D P ET CO 2 added predictive value (residual chi-square: 5.2, P5.02) and was thus retained. The change in the VE/ VCO 2 ratio from rest to exercise, however, did not add predictive value (residual chi-square: 0.53, P5.47) and was removed from the multivariate regression. A subsequent multivariate Cox regression analysis was performed including BNP, age, LVEF, New York Heart Association Class, and constant-rate low-intensity P ET-CO 2 and D P ET CO 2 . B-type natriuretic peptide was the strongest prognostic marker (chi-square: 28.8, P ! .001), whereas constant-rate P ET CO 2 added prognostic value and was retained in the regression (residual chisquare: 11.1, P5.001). All other variables included in the analysis did not add prognostic value and were thus removed (residual chi-square: $3.5, P $ .06).
Kaplan-Meier analyses for both CPX variables retained in the initial multivariate regression are illustrated independently and in combination in Figures 1-3 . Although both constant-rate low-intensity P ET CO 2 and D P ET CO 2 independently identified those subjects at greater risk for adverse events, analysis of these variables in combination, which were both retained in the multivariate Cox regression, improved the classification of individuals more likely to have a negative outcome.
Differences in BNP and ANP were also assessed according to the optimal prognostic threshold values for constantrate low-intensity P ET CO 2 and D P ET CO 2 . Subjects with a P ET CO 2 $34 mm Hg had a significantly lower BNP (214.1 6 431.9 vs. 1110.5 6 1854.0 pg/mL, P5.005) and ANP (108.2 6 103.6 vs. 246.26200.4 pg/mL, P ! .001). This trend was consistent in subjects with a DP ET CO 2 $1 mm Hg for both BNP (192.8 6 282.1 vs. 1149.8 6 1893.8 pg/mL, P5.003) and ANP (101.5 6 93.4 vs. 264.3 6 200.3 pg/mL, P ! .001). When expressed as continuous variables, constant-rate low-intensity P ET CO 2 and DP ET CO 2 were both significantly correlated with BNP (r5À0.43 and e0.34, P ! .001) and ANP (r5À0.46 and À0.45, P ! .001). Moreover, peak P ET CO 2 , VO 2 and the VE/VCO 2 ratio were likewise correlated with BNP (r5À0.36, À0.31, and 0.43, P ! .001) and ANP (r5À0.40, À0.43, and 0.43, P ! .001).
Discussion
The present pilot study demonstrates the VE/VCO 2 ratio and P ET CO 2 obtained during constant-rate low-intensity exercise will: already demonstrate abnormalities compared to healthy control subjects, be related to natriuretic peptide levels, and provide prognostic value, thus allowing for acceptance of all 3 alternate hypotheses tested in this study.
The clinical utility of symptom-limited maximal exercise testing in patients with HF is firmly established and well supported by a robust body of original research and subsequent scientific statements.
1,2,17e19 Exercising a patient to maximal exertion allows for the assessment of a number of variables with substantial prognostic value, such as peak VO 2 20 and heart rate recovery. 21 Moreover, other variables that could be obtained via submaximal testing, such as the VE/VCO 2 ratio or slope, appear to provide superior prognostic information when calculated with exercise data collected to the point of maximal exertion.
22e24 Given the value of peak exercise variables obtained during symptom-limited CPX, which is further supported by the findings of the present study, the use of this assessment will certainly continue in the HF population. The logistics of performing a symptom-limited maximal exercise test, including laboratory staffing, consideration of direct physician supervision and test duration, in addition to the increased level of patient discomfort, does not lend to conducting this procedure in a serial fashion over short time intervals (ie, several weeks or months). The results of the present investigation indicate that a constant-rate lowintensity exercise session, which can conceivably be performed with lower staffing requirements in a shorter period with minimal patient discomfort, provides prognostic information and reflects varying degrees of cardiac stability. Although we are not proposing such a protocol be used to take the place of symptom-limited maximal exercise testing, particularly given the stronger prognostic value of CPX variables attained at peak exercise, a low-intensity approach does lend itself to tracking a patient serially, during, for example, routine clinic visits. Although both the VE/VCO 2 ratio and P ET CO 2 were significant univariate prognostic markers, the latter CPX variable appears to provide superior prognostic information during low-intensity exercise. Moreover, constant-rate low-intensity P ET CO 2 added prognostic value to BNP and outperformed other established prognostic markers such as age, New York Heart Association Class and LVEF. There has been one previous investigation demonstrating the prognostic significance of P ET CO 2 at ventilatory threshold and D P ET CO 2 from rest to ventilatory threshold. 9 In this previous investigation, optimal threshold values for P ET CO 2 and D P ET CO 2 were 36 and 1.8 mm Hg, respectively. The lower prognostic threshold values for P ET CO 2 in the present study compared with the previous analysis can be expected given this CPX variable progressively increases to the point of ventilatory threshold. Analysis of the P ET CO 2 response for prognostic and or diagnostic purposes therefore depends on the exercise intensity used. Specifically, optimal P ET CO 2 threshold values during a constant-rate low-intensity exercise protocol are likely to be lower than progressive exercise tests to the point of ventilatory threshold or higher. Future investigations are required to verify this hypothesis and more firmly establish optimal clinical threshold values for P ET CO 2 . Several previous investigations have demonstrated a significant correlation between BNP and both peak VO 2 and the VE/VCO 2 ratio and slope, which is also demonstrated in the present study. 25, 26 To our knowledge, the present investigation is the first to demonstrate a relationship between BNP, as well as ANP and P ET CO 2 . Furthermore, BNP and ANP were significantly different according to the optimal prognostic threshold values for constant-rate low-intensity P ET CO 2 and D P ET CO 2 . Our results add to previous investigations 27, 28 that found constant-rate P ET-CO 2 is able to noninvasively reflect varying degrees of cardiac function/stability. That the results of the present investigation were obtained during a constant-rate lowintensity exercise bout adds to the novelty of these findings.
Similar to symptom-limited maximal exercise testing, there is no universally accepted protocol for constant-rate low-intensity exercise assessments. Our preliminary findings indicate that a workload of 2 miles per hour at no grade, which was a function of the exercise testing protocol employed in this cohort, was sufficient to elicit ventilatory expired gas abnormalities compared with healthy controls, although VO 2 was comparable between groups. The RER and RPE were significantly higher in patients with HF compared with control subjects, indicating the physiologic and perceived level of exertion was greater in the former group. In the HF group, mean RER was, however, substantially lower than 1.0, and only 6 subjects surpassed this threshold, supporting the assertion that the predefined workload (2 miles per hour/no grade) produced a low-intensity response in the majority of subjects. However, that a small number of subjects were more challenged from an effort standpoint at this low exercise intensity does indicate flexibility may be needed in defining the workload for this type of assessment. Moreover, the possibility that constant-rate low-intensity protocols that are longer in duration provide more valuable information cannot be discounted. Future research should be directed toward comparing the ventilatory expired gas response and diagnostic/prognostic characteristics of different constant-rate low-intensity protocols on both a treadmill and lower extremity ergometer. Such work is necessary to develop universally accepted protocols, allowing for translation of findings across different clinical and research centers.
The small sample size is a significant limitation of the present investigation, particularly for a prognostic analysis. It would therefore be appropriate to view the findings presented here as novel, but preliminary. Additional investigations utilizing similar constant-rate low-intensity exercise protocols are required to support the results of reported in this pilot study. Moreover, constant-rate low-intensity exercise assessments, which potentially provide relevant physiologic and prognostic information, will not be able to provide an accurate reflection of maximal functional capacity, a highly valuable clinical metric. Therefore, as previously mentioned, this inherent limitation of the submaximal exercise assessment obviates its ability to replace the symptom-limited maximal exercise test. More appropriately, submaximal and maximal exercise assessments should be viewed as complimentary evaluation techniques.
In conclusion, symptom-limited maximal exercise testing, using protocols that progress a patient to maximal exertion, are commonly employed during the clinical Fig. 2 . Kaplan-Meier analysis for change in partial pressure of end-tidal carbon dioxide (P ET CO 2 ) from rest to constant-rate exercise. Fig. 3 . Kaplan-Meier analysis for combination of constant-rate partial pressure of end-tidal carbon dioxide (P ET CO 2 ) and change in P ET CO 2 from rest to exercise. assessment of patients with HF. The results of the present study indicate ventilatory expired gas analysis data obtained during constant-rate low-intensity exercise may also provide valuable information in this patient population. Future investigations should continue to explore the potential clinical utility of constant-rate low-intensity CPX in patients with HF.
